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Using a soft pion theorem based on hiral symmetry and a ∆(1232) resonane
model we propose an estimate for the prodution ross setion of low energy pions
in the deeply virtual Compton sattering (DVCS) proess. In partiular, we express
the ep → eγpiN proesses in terms of generalized parton distributions. We provide
estimates of the ontamination of the ep→ eγp DVCS observables due to this asso-
iated pion prodution proesses when the experimental data are not fully exlusive,
for a set of kinematial onditions representative of present or planned experiments
at JLab, HERMES and COMPASS.
PACS numbers: 13.60.Fz, 11.30.Rd, 13.60.Le
I. INTRODUCTION
The past few years have witnessed an intense theoretial ativity in the eld of Generalized
Parton Distributions (GPDs). They parametrize the non perturbative ontent of the hadrons
and are essentially matrix elements of the form [1, 2℄
〈N ′ |q¯α(xµ)qβ(0)|N〉 , (1)
where xµ is a light-like vetor (x2 = 0). In (1) qα is the quark eld with Dira index α and
N, N ′ are two hadroni states whih an dier either by their struture or by the kinematis.
The limit N = N ′ gives the ordinary parton distributions.
In the Bjorken limit the GPDs appear in the amplitudes of exlusive reations suh as
γ∗(q) +N →M +N ′, (2)
2where γ∗ is a highly virtual photon (Q2 = −qµqµ →∞ ) andM an be a meson or a photon,
in whih ase the reation is alled Deeply Virtual Compton Sattering (DVCS). It is widely
believed that DVCS is oneptually the leanest proess to aess the GPDs. The basi
reason is that the amplitude for meson prodution involves the not so well known meson
wave funtion. By ontrast the nal real photon in DVCS an be onsidered as pointlike
beause photon struture eets (VDM-like) are suppressed by powers of 1/Q2 [3, 4, 5℄ .
This theoretial simpliity of DVCS is to some extent ounterbalaned by its experimental
diulty whih is ertainly greater than in the ase of meson prodution. Nevertheless a
number of experimental attempts to measure photon eletroprodution o the proton have
been performed or are in progress [6, 7, 8, 9, 10℄. For the interpretation of these experiments
to be fruitful it is ompulsory to have a ontrol on the exlusivity of the nal state. If we
onsider DVCS on the proton, the most interesting nal state is the proton itself,
γ∗ + p→ γ + p (3)
and from now on we restrit our attention to this ase. For further referene we all it
Elasti DVCS. [41℄
The problem for most experiments is that the experimental energy resolution is not
good enough to isolate the exlusive (γ + p) hannel beause it is separated from the rst
strong inelasti hannel by only the small pion mass. In pratie suh data will always be
ontaminated by the reations, referred to as Assoiated DVCS (ADVCS) :
γ∗ + p→ γ + p+ π0 or γ∗ + p→ γ + n+ π+, (4)
where π+,0 is a low energy pion whih esapes detetion. Note that experiments whih have
suient energy resolution to distinguish the γπN nal state from the γp one an study the
proess (4) for itself [11℄, thereby enlarging the sope of virtual Compton sattering. This
is likely to be the ase of the experiments planned at Jlab.
In this paper we propose a alulation of the ross setion for reation (4) and we om-
pare it with the elasti hannel (3) by integrating over the pion momentum up to a given
uto. As the dangerous pions are those whih have a small energy we use the soft pion
tehniques based on hiral symmetry. In the soft pion limit, that is kpi → 0 where kpi is the
3pion 4-momentum, this allows to evaluate the assoiated DVCS amplitude using the same
generalized parton distribution as in the elasti ase. So, in a relative sense, this evaluation
is model independent. The inherent limitation of this approah is that, apart the hiral
limit (mpi → 0 ), it gives a reliable estimate only for a small enter of mass (CM) energy of
the nal pion-nuleon pair. Typially the upper limit is set by the exitation energy of the
rst ∆ resonane, that is about 300 MeV. In order to inrease the range of validity of our
estimate we propose a (model dependent) estimate of the assoiated DVCS orresponding
to
γ ∗+p→ γ +∆.
For this we use the large Nc limit as a guidane whih allows one to relate the GPDs of the
N → ∆ transition to the ones of the N → N transition [12℄.
In pratie one measures the (l, l′, γ) reation where l denotes either a muon or an
eletron. The amplitude T ll
′γ
for this reation is the oherent sum of T V CS, the virtual
Compton sattering amplitude and of TBH the amplitude of the Bethe-Heitler proess where
the nal photon is emitted by the lepton. When the reation produes only a proton (elasti
ase) the alulation of this elasti-BH amplitude only involves the elasti form fators
of the proton, whih are well known. When a pion is produed together with the nal
nuleon, then the orresponding assoiated-BH (ABH) amplitude involves the pion eletro-
prodution amplitude. For onsisteny reasons we shall evaluate this amplitude in the same
framework as the assoiated DVCS.
Our paper is organized as follows: in Setion II we speify the kinematis and give
the relevant expressions for the amplitudes and ross setions. In Setion III we remind the
leading order approximation for the DVCS amplitude and dene the twist-2 quark operators
whih ontrol the DVCS amplitude both in the elasti and assoiated ase. In Setion IV we
remind the denition of the GPDs in the elasti ase. In Setion V we derive the soft pion
theorems relevant for the evaluation of the assoiated DVCS and BH amplitudes. In Setion
VI we present a model to estimate the assoiated DVCS and BH in the ∆ region. Setion
VII is devoted to a presentation and disussion of our results in kinematial situations of
interest. Setion VIII is our onlusion.
4Table I: External partiles variables.
Initial Final Final Initial Final Final
lepton lepton photon proton nuleon pion
Momentum k k′ q′ p p′ kpi
Mass ml ml 0 M M mpi
Heliity, spin h h′ λ′ σ σ′
Wave funtion u(k, h) u(k′, h′) ε′(q′, λ′) u(p, σ) u(p′, σ′)
H
γ
l l’
i f
Figure 1: Graph of the virtual Compton proess
II. PRELIMINARY
In Table I we have olleted the harateristis of the partiles involved in the reation.
We dene q as the momentum of the virtual photon exhanged in the VCS proess, that is
q = k − k′. So the BH virtual photon has q − q′. The relevant Lorentz salars are
Q2 = −q2, tγ = (q − q′)2, xB = Q
2
2p.q
, W 2 = (p+ q − q′)2. (5)
We shall also note t = (p′ − p)2 whih oinides with tγ in the elasti ase or in the limit
kpi = 0.
In the one photon exhange approximation and in the Lorentz gauge we have the generi
expressions for the VCS and BH amplitudes :
T V CS = ±e3ε′∗µHµν
1
Q2
u¯(l′)γνu(l), (6)
TBH = −e3 Jν 1
tγ
u¯(l′)
[
γ.ε′∗
1
γ.(k′ + q′)−mlγ
ν+
5J
l l’
γ l
J
l’
γ
i ffi
Figure 2: Graphs of the Bethe-Heitler proess
γν
1
γ.(k − q′)−mlγ.ε
′∗
]
u(l) (7)
T ll
′γ = T V CS + TBH (8)
They orrespond to the graphs of Fig.1 and 2 respetively. In the above expressions the
harge e =
√
4π/137 has been fatored out and the ± sign refers to the harge of the lepton
beam. The spinors are normalized to u¯u = 2m with m a generi mass and the photon
polarisation is normalized to ε′.ε′ = −1. The amplitudes H and J are dened by
Hµν = −i < f |
∫
d4xe−iq.xT [jµ(0), jν(x)] |i >, (9)
Jµ = < f |jµ(0)|i >, (10)
where i, f are the appropriate hadroni states and j(x) is the eletromagneti urrent arried
by the quarks
jµ(x) = q¯γµQq(x) =∑
f
Qf q¯fγµqf(x), (11)
with Q the diagonal harge matrix Q = [2/3,−1/3, · · ·]. The matrix element of the eletro-
magneti urrent between nuleon states has the usual form fator deomposition :
< N(p′)|jµ(0)|N(p) >= u¯(p′)
[
F p,n1 (t)γ
µ + iF p,n2 (t)
σµν(p′ − p)ν
2M
]
u(p) (12)
where p, n refer to the proton or the neutron and t = (p− p′)2. With our normalizations we
have F p1 (0) = 1, F
n
1 (0) = 0, F
p
2 (0) = 1.79, F
n
2 (0) = −1.91.
6We shall note T ll
′γ
el. the amplitude for a nal hadroni state ontaining only a proton and
T ll
′γ
as. (π
+,0) the amplitude for produing a nuleon and a pion of harge +1 or 0. A similar
notation will be used for the ross setions.
To x the idea, we onsider an experiment where (k′, q′) the momenta of the nal lepton
and photon are measured while the nal hadroni state p′ or (p′, kpi) is not observed. The
elasti (ll′γ) event is seleted by the missing mass ondition
W 2 = (k − k′ + p− q′)2 = M2. (13)
In pratie the events will be integrated up to a uto Wmax whih generally exeeds the pion
prodution threshold. In the following we assume that the experimental resolution on W is
nevertheless good enough so that the prodution of more than one pion an be negleted.
If we assume that the one partile states are normalized as :
< k|k′ >= (2π)32k0δ(~k − ~k′), (14)
we have the following expressions for the invariant ross setions :
dσll
′γ
el. = d
4Γδ(W −M)dW
∣∣∣T ll′γel.
∣∣∣2 , (15)
dσll
′γ
as. (π
+,0) = d4ΓdW
∣∣∣~k∗pi∣∣∣
16π3
∫
dkˆ∗pi
∣∣∣T ll′γas. (π+,0)
∣∣∣2 . (16)
In the above equations the ommon phase spae fator[42℄ is
d4Γ =
dxBdQ
2dtγdΦ
128(2π)4(p.k)2xB
√
1 + 4M2x2B/Q
2
(17)
where Φ is the angle between the planes (~k,~k ′) and (~q, ~q ′) and ~k∗pi =
∣∣∣~k∗pi∣∣∣ kˆ∗pi stands for the
pion momentum in the frame dened by ~p + ~q − ~q ′ = 0, that is the rest frame of the nal
pion-nuleon pair. One has
∣∣∣~k∗pi
∣∣∣2 = W 4 − 2W 2(M2 +m2pi) + (M2 −m2pi)2
4W 2
. (18)
From Eqs. (15,16) we see that the ontamination of the elasti reation by the assoiated
7one is measured by the dimensionless quantity
κ(Q2, xB, tγ,Φ) =
1
16π3
∫Wmax
M+mpi dW
∣∣∣~k∗pi∣∣∣ ∫ dkˆ∗pi∑hel.
(∣∣∣T ll′γas. (π+)∣∣∣2 + ∣∣∣T ll′γas. (π0)∣∣∣2
)
∑
hel
∣∣∣T ll′γel.
∣∣∣2 . (19)
where
∑
hel denotes the sum over all the heliities. This is the quantity we want to evaluate.
III. HANDBAG APPROXIMATION FOR THE VCS AMPLITUDE
We need to evaluate the hadroni tensor Hµν (Eq.9) in the generalized Bjorken limit
whih here is dened by :
Q2 →∞, xB fixed, tγ/Q2 → 0, W 2/Q2 → 0, (20)
where the two last onditions are neessary to have fatorisation of the amplitude [5℄. The
ondition that W remains small with respet to Q is not expliitely stated for elasti VCS
sine W = M in this ase, but it is neessary for the assoiated VCS. The fatorisation
theorem garantees that the amplitude fatorizes in a hard part whih an be omputed in
perturbation theory as a series in αS(Q
2) and a soft part whih depends on the long distane
struture of the hadron. In this work we onsider only the leading term of the hard part
whih amounts to evaluate the amplitude in the handbag approximation as shown in Fig. 3
For this purpose we adapt the formulation of [1℄ to our problem. In the Bjorken limit
both the elasti and assoiated VCS are light-one dominated. Therefore it is onvenient to
introdue two light-like vetors n˜ and p˜ to reord the ow of hard momentum. These Sudakov
vetors are hosen to be in the hyper-plane dened by the virtual photon momentum q and
another vetor P whih is related to the target-ejetile motion. In our ase it is onvenient
to hoose :
P =
p+ p′
2
for the elastic VCS, (21)
P =
p+ p′ + kpi
2
for the associated VCS, (22)
8Figure 3: The handbag approximation to the VCS amplitude. The rossed term is not shown.
so that, for both reations, P has the same expression in terms of p, q, q′ that is :
P = p+
q − q′
2
= p+
∆
2
. (23)
Other hoies of P are allowed, for instane P = p, but the formulation is more symmetri
if one uses the denition (23). One imposes the normalization onditions : [43℄
n˜2 = p˜2 = 0, n˜.p˜ = 1, n˜.P = 1, (24)
and one denes the variable ξ′ as :
ξ′ =
Q2
4P.q
=
P.q
2P 2

−1 +
√√√√1 + Q2P 2
(P.q)2

 ≈ xB/2
1− xB/2 in the Bjorken limit. (25)
From this one gets the deomposition :
P = p˜+
P 2
2
n˜,
q = −2ξ′ p˜+ Q
2
4ξ′
n˜, (26)
where
P 2 = P µPµ =
M2 +W 2
2
− tγ
4
. (27)
9An arbitrary vetor a has the ovariant deomposition :
a = a.n˜ p˜+ a.p˜ n˜+ a(⊥), (28)
with the ⊥ omponent dened by a(⊥).n˜ = a(⊥).p˜ = 0. If one restrits to the ase where
the nal photon is real one then gets :
∆ = −2ξp˜+
(
ξP 2 +
W 2 −M2
2
)
n˜+∆(⊥),
where :
ξ = ξ′
Q2 − tγ − 2ξ′ (W 2 −M2)
Q2 + 4ξ′2P 2
≈ ξ′ in the Bjorken limit.
If one keeps the leading light-one singularity of the time ordered produt of urrents in
Eq. (9) one has, at leading order in αs(Q
2) [13℄ :
Hµν =
∫
dxCµν+ (x, ξ) < f |
∑
f
Q2fSf(x, n˜)|i >
+
∫
dxCµν− (x, ξ) < f |
∑
f
Q2fS5f(x, n˜)|i > +O
(
1
Q
)
, (29)
where the hard sattering oeients (in whih we onsistently make the approximation
ξ ≈ ξ′) write :
Cµν+ (x, ξ) =
1
2
(n˜µp˜ν + n˜ν p˜µ − gµν)
(
1
x− ξ + iε +
1
x+ ξ − iε
)
, (30)
Cµν− (x, ξ) =
i
2
εµνρσp˜ρn˜σ
(
1
x− ξ + iε −
1
x+ ξ − iε
)
, (31)
The twist-2 operators Sf and S
5
f , for whih we often use the global notation S
(5)
f or S
(5)
, are
dened by :
Sf(x, N˜) =
∫ dλ
2π
eiλxq¯f(−λN˜/2)γ.N˜ qf(λN˜/2), (32)
S5f(x, N˜) =
∫ dλ
2π
eiλxq¯f(−λN˜/2)γ.N˜ γ5qf (λN˜/2) (33)
10
K− −
p
2
p
i(   )p1
K+ −
p2 p1
2
f(   )2p
2 1
Figure 4: Representation of the twist-2 operator.
with N˜ an arbitrary light-like vetor. They obviously satisfy the saling law :
S(5)(ωx, ωN˜) = S(5)(x, N˜). (34)
In Eq.(29) one has N˜ = n˜, whih is the only reli of the hard sattering in the soft matrix
elements.
In Fig. 4 we have represented the matrix element of S(5) between generi hadroni states
i(p1) and f(p2). The quark lines are on mass shell Fok states quantized at equal light one
time xµN˜
µ = 0. If one labels the momenta of the initial and nal ative quarks as K− (p2−
p1)/2 and K + (p2 − p1)/2 respetively, then the integration over λ in Eqs. (32,33) implies
that x = K.N˜ . On the other hand, from the additivity of the longitudinal momentum, one
has :
−
∣∣∣(p1 + p2).N˜ ∣∣∣
2
≤ K.N˜ ≤
∣∣∣(p1 + p2).N˜ ∣∣∣
2
,
So, if one hooses the normalization N˜ .(p1 + p2)/2 = 1 as in (24), the integration over x is
eetively restrited to the interval [−1, 1] in Eq. (29).
In Eq. (29) the initial state is always the nuleon, with momentum P − ∆
2
= p. On the
other hand the nal state, whih has momentum P + ∆
2
= p+∆, an be either the nuleon
(p + ∆ = p′) or the pion-nuleon system (p + ∆ = p′ + kpi). Note that for given p, q, q′
the Sudakov vetors are the same in both ases. This is not essential but it simplies the
formulation.
Finally, we point out that beause expression (29) is aurate up to terms of order 1/Q
gauge invariane is not stritly satised. One nds instead :
q′µH
µν ∼ ∆(⊥), Hµνqν = 0.
11
However it has been shown in [14℄ that eletromagneti gauge invariane is restored by adding
to Hµν a term whih is expliitely of order
√−tγ/Q, and therefore does not ontribute in
the Bjorken limit. The eet of this extra term has been alulated for realisti situations
and found to be negligible[14℄. So gauge invariane is not a serious issue as long as the
onditions (20) are satised.
IV. GENERALIZED PARTONS DISTRIBUTIONS FOR THE ELASTIC CASE
The matrix elements of S(5) are the non perturbative inputs of the alulation. If we
note N(p1), N(p2) two generi nuleon states, the elasti matrix elements are parametrized
aording to [1℄ :
< N(p2)|Sf(x, N˜)|N(p1) >=
1
P12.N˜
u¯(p2)
[
Hf/Nγ.N˜ + iEf/N
σµνN˜µ(p2 − p1)ν
2M
]
u(p1), (35)
< N(p2)|S5f(κ, N˜)|N(p1) >=
1
P12.N˜
u¯(p2)
[
H˜f/Nγ.N˜ + E˜f/N
N˜ .(p2 − p1)
2M
]
γ5u(p1), (36)
where we note P12 = (p1+p2)/2. The Generalized Parton Distributions (GPDs) H, E, H˜, E˜
are a priori funtions of x and of the invariants whih an be formed with p1, p2 and N˜ , that
is :
GPD = GPD
{
x, (p2 − p1).N˜ , P12.N˜ , t12 = (p1 − p2)2
}
.
However from the saling law (34) and the denitions (35,36) we have :
GPD
{
ωx, ω(p2 − p1).N˜ , ωP12.N˜ , t12
}
= GPD
{
x, (p2 − p1).N˜ , P12.N˜ , t12
}
so the GPDs are only funtion of t12 and of the ratios x/P12.N˜ and (p2−p1).N˜/P12.N˜ . The
standard hoie for the funtional dependene is :
GPD
{
x, (p2 − p1).N˜ , P12.N˜ , t12
}
= GPD
{
x12 =
x
P12.N˜
, ξ12 = −(p2 − p1).N˜
2P12.N˜
, t12
}
. (37)
12
Of ourse in the elasti ase one has x = x12 and ξ12 = ξ but when one of the nuleons is an
intermediate state whih is o the energy shell, as is happens in the ADVCS proess (see
subsetion VD), this is no longer true.
The interest and properties of the GPDs are presented in several reviews [15, 16, 17, 18℄.
In Setion VII we explain the model used for our estimates. Note that one an devise a
parametrization analogous to (35,36) when the nal state is the πN system [18℄, but for
pratial purposes that is not very useful as it involves many new unknown funtions.
For further use we introdue iso-vetor GPDs through :
SV,α(x, N˜) =
∫
dλ
2π
eiλxq¯(−λN˜/2)γ.N˜ τα
2
Πudq(λN˜/2), (38)
where (τα, α = 1, 2, 3) are the Pauli matries and Πud projet on the u, d part of the quark
avor multiplet. The parametrisation in term of GPDs then writes
< N(p2)|SV,α(x, N˜)|N(p1) >= u¯(p2)
[
HV γ.N˜ + · · ·
] τNα
2
u(p1) (39)
where now the Dira spinor is also a iso-spinor for the nuleon and τN are the Pauli matries
ating on it. A similar denition holds for S5V . The fat that (HV , EV , . . .) are independent
of α and of the isospin of the initial and nal nuleons is a onsequene of isospin symmetry.
As a onsequene of their denitions, we have the following (generi) relations :
HV = Hu/p −Hd/p = Hd/n −Hu/n. (40)
The iso-vetor GPDs are thus ontrolled by the valene quarks in so far as the sea is avor
symmetri. The parametrisation dened by Eqs. (38,39) is neessary to desribe reations
where the nuleon harge is hanged, as is the ase when a harged pion is emitted.
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V. SOFT PION THEOREMS
A. Soft pion expansion
To evaluate the amplitude for the reation :
l +N → l′ + γ +N + π,
we see from Eqs(6,7,10,29) that we need the matrix elements :
< N π|jµ|N >, (41)
whih is the pion eletro-prodution amplitude, and
< N π|∑
f
Q2fS(5)f |N >, (42)
whih we all (loosely) the pion twist-2 prodution amplitudes. To simplify the notations
we do not write the isospin label of the pion or of the various iso-vetor quantities if it is
not neessary.
We rst reall the main steps in the derivation of a soft pion theorem for a matrix element
of the form :
< N π(~0)|A|N >,
where A is either the eletromagneti urrent, Eq.(41), or one of the twist-2 operators,
Eq.(42). In the approah of de Alfaro et al. [19, 20℄, whih we follow here, one onsiders a
physial pion at rest and looks for the dominant ontribution as mpi → 0. In the hiral limit,
the isovetor axial urrent :[44℄
j5,αµ = q¯γµγ5
τα
2
Πudq, α = 1, 2, 3 (43)
is onserved. Therefore the axial harge operator :
Q5(t) =
∫
d~r j50(t, ~r) (44)
14
is time independent. Due to the spontaneous breaking of the SU(2)L × SU(2)R symmetry
down to SU(2)V , the axial harge does not anihilate the vauum state but instead reates
states with zero momentum (massless) pions. This is the origin of the soft pion theorems.
The symmetry is also expliitely broken by the small quark mass and for our purposes it is
suient to use the Partially Conseved Axial Current (PCAC) formulation [21℄ whih we
write in the form :
∂µj5,αµ ≈ m2pi.
To derive the low soft pion theorems one does not need to be more spei about the non
onservation of the axial urrent[22℄. One just needs to know the transformation properties
of the relevant operators under the symmetry group and that the symmetry breaking is of
order m2pi. To exploit these hypotheses one rst denes the iso-vetor operator :[20℄
Q¯ =
(
Q5 +
i
mpi
d
dt
Q5
)
t=0
, (45)
whih satises :
< πβ(K)|Q¯α|0 > = 0, (46)
< 0|Q¯α|πβ(K) > = 2ifpiEpi(K)(2π)3δ(α, β)δ( ~K), (47)
where Epi(K) =
√
~K2 +m2pi and fpi is the pion deay onstant. A general matrix element of
Q¯ obviously satises :
(E1 − E2) < p1|Q¯|p2 >= iE1 − E2 −mpi
mpi
< p1|Q˙5|p2 >
= i(2π)3δ(~p1 − ~p2)(E1 − E2 −mpi) < p1|∂µj
µ5(0)
mpi
|p2 > . (48)
If one has E1 6= E2 in the symmetry limit, then Eq.(48) amounts to :
< p1|Q¯|p2 >= i(2π)3δ(~p1 − ~p2) < p1|∂µj
µ5(0)
mpi
|p2 >, (49)
whih vanishes by the PCAC hypothesis. Therefore, if one evaluates the matrix element of
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[Q¯, A] between nuleon states aording to :
< N(p′)|[Q¯, A]|N(p) >=∑
X
< N(p′)|Q¯|X >< X|A|N(p) > −c.t., (50)
where the sum inludes integration over the momenta and c.t. denotes the rossed term,
then the only states whih survive in the hiral limit are those for whih :
EX = EN(p) or EX = EN(p
′). (51)
This limits the sum over X to the following possibilities :
1. X is the nuleon (Fig. 5a).
2. X is the semi-disonneted πN state (Fig. 5b)with the soft pion anihilated by Q¯ (the
rossed term vanishes due to Eq.(46)). This is, up to a fator, the soft pion prodution
amplitude we are looking for.
3. X is the semi-disonneted πN state (Fig. 5) with the soft pion reated or anihilated
by A.
Other intermediate states, for instane an isobar replaing the nuleon in Fig. 5a or a heavy
meson replaing the pion in Fig. 5, annot be degenerate with the initial or nal state
and therefore are suppressed by PCAC. This is also the ase for pions loops some of whih
are shown on Fig. 6. Here the energy gap is due to the fat that the intermediate pions
arry momentum. As is well known [23℄, the vanishing hiral limit of these ontributions
is in general reahed in a non analytial way due to the infra-red part of the momentum
integration. The leading non analyti term is due to the loop shown in Fig. 6a and its
infra-red part involves again the prodution of a soft pion by the operator A. So it ould
be omputed within our framework without extra hypothesis. However, at this stage of
investigation of DVCS, we think it is reasonnable to keep only the terms whih do not
vanish in the hiral limit, i.e. those shown on Fig. 5.
We note that the term orresponding to Fig. 5 does not ontribute to pion eletro-
prodution sine the eletromagneti urrent annot reate a pion out of the vauum. By
ontrast it an ontribute to pion twist-2 prodution if the momentum of the intermediate
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Figure 5: Soft pion expansion of the ommutator. Note that the intermediate lines are not
propagators.
Qp p’
A
(b)
Q Ap p p’
(a)
Figure 6: Example of pion loops.
pion, that is ~q−~q′ in this ase, is of order mpi. Sine tγ = (q−q′)2 < 0, we have (~q−~q′)2 > |tγ |
and therefore we an neglet this term if we impose that |tγ| be muh larger than m2pi. More
preisely we ask that tγ or t be a typial hadroni sale whih need not be large but whih
does not vanishes when we let mpi go to zero. Clearly this is ompatible with the onditions
(20) for fatorisation of the DVCS reation. Though this is not immediately neessary we
from now on assume that this ondition is realised independently of the reation onsidered,
that is whatever the operator A.
Under this ondition we an write the soft pion expansion of the ommutator as :
< N(p′)|[Q¯α, A]|N(p) >=∫ d ~K
(2π)32EN(K)
(
< N(p′)|Q¯α|N(K) >< N(K)|A|N(p) > −c.t.
)
+
17
∫
d ~K
(2π)32Epi(K)
< 0|Q¯α|πβ(K) >< N(p′)πβ(K)|A|N(p) > +O(mpi). (52)
where the sum over the spin and isospin labels is understood. From the denition of the
isovetor axial form fators :
< N(p′)|q¯γµγ5 τ
α
2
Πudq(0)|N(p) >= u¯(p′)
[
gA(t)γ
µ + hA(t)
(p′ − p)µ
2M
]
γ5
ταN
2
u(p) (53)
we have :
< N(p′)|Q¯α|N(p) >= (2π)3δ(~p ′ − ~p)gA(0)u†(p)γ5 τ
α
N
2
u(p), (54)
whih, together with Eq.(47), leads to the following expression of the ommutator :
< N(p′)|[Q¯α, A]|N(p) > = gA(0) 1
2EN(p′)
u†(p′)γ5
ταN
2
u(p′) < N(p′)|A|N(p) >
− gA(0) 1
2EN(p)
< N(p′)|A|N(p) > u†(p)γ5 τ
α
N
2
u(p)
+ ifpi < N(p
′)πα(mpi,~0)|A|N(p) > +O(mpi). (55)
Let us now restore the spin label and dene the on mass shell vertex Γ by :[45℄
< N(K ′, σ′)|A|N(K, σ) >= u¯(K ′, σ′)Γ([K ′], [K])u(K, σ) (56)
where [K] is our speial notation for the on shell 4-momentum that is[46℄ :
[ ~K] = ~K, [K]0 =
√
~K2 +M2. (57)
It is then a trivial task to show that Eq.(55) is, up to terms of order mpi, equivalent to :
< N(p′)|[Q¯α, A]|N(p) >= −ifpiTB + ifpi < N(p′)πα(mpi,~0)|A|N(p) > +O(mpi), (58)
with the Born term TB dened as :
T αB = i
gA(0)
2fpi
u¯(p′)
[
γ.kpiγ5τ
α 1
γ.(p′ + kpi)−M Γ([p
′ + kpi], [p])
+ Γ([p′], [p− kpi]) 1
γ.(p− kpi)−Mγ.kpiγ5τ
α
]
u(p), (59)
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and kpi = (mpi,~0) is the 4-momentum of the pion at rest. The expression (59) is formally
ovariant so we an use it in a frame where the pion is not at rest. The O(mpi) orretions
to the soft pion expansion then beome O(kpi) where kpi is the 4-momentum of the moving
pion. In this way one generates orretly only the terms whih go like the veloity (≈ kpi/mpi
) of the pion. The other terms of order kpi in (59) annot be distinguished from the other
orretions to the soft pion expansion.
Note that the expression of the Born term TB is not exatly what one would expet from
an eetive Feynman diagram with pseudo-vetor πN oupling beause, in this ase, the
vertex Γ would appear in the form Γ(p′ + kpi, p) or Γ(p′, p − kpi). This mismath is due to
the fat that in the soft pion expansion the vertex Γ omes naturally into play with its
arguments on the mass shell, and therefore annot onserve energy. In pratie this energy
non onservation is of order kpi so one ould replae [p
′ + kpi] and [p− kpi] by their o mass
shell values p′ + kpi and p − kpi sine this would amount to hange the O(kpi) orretion.
However the advantage would be only of osmeti nature beause we do not know what is
Γ when its arguments are o the mass shell! So we shall retain expression (59).
B. Evaluation of the ommutators
In the symetry limit the axial harge is time independent and we now that the symetry
breaking term Q˙5 vanishes as m
2
pi . So to ompute the matrix element of the ommutator :
< N |[Q¯, A]|N >=< N |[Q5 + i
mpi
Q˙5, A]|N >, (60)
one an use the ommutations rules :
[Qα5 , q(x)] = −γ5
τα
2
Πudq(x), (61)
and neglet the term Q˙5/mpi. The error will be of order mpi unless there is a kinematial
enhanement due to the proximity of a pion pole in the matrix element (60). To hek this
we look for suh poles in the amplitudes and the dangerous ones are shown on Fig. 7. In
the ase of eletroprodution the pion pole an only be in the NN¯ hannel as shown on Fig.
7a. In the ase of assoiated DVCS it an appear in the γγ hannel (Fig. 7b), in the NN¯
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Figure 7: Pion poles in the amplitudes for eletro-prodution (a) and assoiated DVCS (b, , d).
hannel (Fig. 7) or in the (γπ) hannel (Fig. 7d). The γπ hannel is suppressed by powers
of 1/Q , so we are left with pion poles whih are of the form :
1
t−m2pi
or
1
tγ −m2pi
,
whih are not dangerous sine we have assumed that t or tγ remain nite in the hiral
limit.[47℄
Using Eq.(61) it is straightforward to ompute the relevant ommutators. From the
denitions (11, 33) one gets :
[Qα5 , j
µ] = iεα3βj
µβ
5 , (62)
[Qα5 ,
∑
f
Q2fSf ] =
i
3
εα3βS
5
V α, (63)
[Qα5 ,
∑
f
Q2fS5f ] =
i
3
εα3βSV α, (64)
where S
(5)
V α are the iso-vetor twist-2 operators introdued in (32,33).
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C. Soft pion theorem for the pion eletroprodution
From Eqs. (58,62) we get the soft pion theorem, whih we write diretly for a moving
pion :
< N(p′)πα(kpi)|jµ|N(p) >= TB + 1
fpi
εα3β < N(p
′)|jµβ5 |N(p) > +O(kpi), (65)
where the Born term is obtained from Eq.(59) with :
Γ([K ′], [K]) =
(
F p1 ([t])
1 + τN3
2
+ F n1 ([t])
1− τN3
2
)
γµ
+ i
(
F p2 ([t])
1 + τN3
2
+ F n2 ([t])
1− τN3
2
)
σµν([K ′]− [K])ν
2M
, (66)
and [t] = ([K ′] − [K])2. This is nothing but the low energy theorem originally derived by
Nambu et al. [24, 25℄. Using our assumption that t is non zero in the soft pion limit, one
an hek that the amplitude (65) respets gauge invariane in the form
(p′ + kpi − p)µ
(
TB +
1
fpi
εα3β < N(p
′)|jµβ5 |N(p) > +O(kpi)
)
= 0, (67)
that is the additional terms needed to have exat gauge invariane are in the O(kpi) orre-
tions [48℄. The axial urrent matrix element whih appears in Eq.(65) is given by Eq.(53)
and involves the form fators gA(t) and hA(t). The latter is not so well known experimentally
but this does not matter beause it is multiplied by p′ − p = kγ − kpi where kγ = q − q′ is
the photon exhanged in the BH proess. In the Lorentz gauge the term proportional to kγ
does not ontribute to the amplitude and, beause t does not vanish in the soft pion limit,
the term linear in kpi an be pushed in the O(kpi) orretions despite the pion pole in hA(t).
The rest of the alulation is just algebrai manipulation of expressions (65,66) so we do not
need to give the details. For ompleteness we just mention the relation between the harged
and artesian pion prodution amplitudes :
T (π±) =
T (π1 ∓ iπ2)√
2
, T (π0) = T (π3). (68)
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D. Soft pion theorem for the pion twist-2 prodution
The soft pion theorems for pion twist-2 prodution folllow from Eqs(58,63,64) :
< N(p′)πα(kpi)|
∑
f
Q2fSf(x, n˜)|N(p) >=
TB +
1
3fpi
εα3β < N(p
′)|S5V β(x, n˜)|N(p) > +O(kpi), (69)
< N(p′)πα(kpi)|
∑
f
Q2fS5f(x, n˜)|N(p) >=
T 5B +
1
3fpi
εα3β < N(p
′)|SV β(x, n˜)|N(p) > +O(kpi), (70)
where the Born terms T
(5)
B are obtained from Eq.(59) with the verties Γ
(5)
dened by (see
Eq.(56)) :
< N(K ′)|∑
f
Q2fSf(x, n˜)|N(K) > = u¯(K ′)Γ([K ′], [K], x, n˜)u(K), (71)
< N(K ′)|∑
f
Q2fS5f(x, n˜)|N(K) > = u¯(K ′)Γ5([K ′], [K], x, n˜)u(K). (72)
Note that we have restored the expliit dependane on x, n˜. Using the parametrisation (36)
we have :
Γ([K ′], [K], x, n˜) =
2
([K] + [K ′]).n˜
×
∑
f
Q2f
(
Hf/N ([x], [ξ], [∆]
2)γ.n˜ + iEf/N ([x], [ξ], [∆]
2)
σµν n˜µ[∆]ν
2M
)
, (73)
Γ5([K ′], [K], x, n˜) =
2
([K] + [K ′]).n˜
×
∑
f
Q2f
(
H˜f/N ([x], [ξ], [∆]
2)γ.n˜ + E˜f/N ([x], [ξ], [∆]
2)
n˜.[∆]
2M
)
γ5, (74)
where the braketed variables are, by denition (see Setion IV) :
[x] = 2
x
([K] + [K ′]).n˜
, [ξ] = − [∆].n˜
([K] + [K ′]).n˜
, [∆] = [K ′]− [K].
From Eq.(59) we see that one has either ([K] = [p], [K ′] = [p′+kpi]) or ([K] = [p−kpi], [K ′] =
[p′]). It is then apparent that the approximation ([x] → x [ξ] → ξ, [∆] → ∆) in Eqs(73,74)
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only indues orretions of order kpi. Similarly the matrix elements of S
(5)
V whih appear in
Eqs.(69,70) an be written as :
< N(p′)|SV α(x, n˜)|N(p) >= 2
(p+ p′).n˜
×
u¯(p′)
[
HV (xˆ, ξˆ, t)γ.n˜ + iEV (xˆ, ξˆ, t)
σµνn˜µ(p
′ − p)ν
2M
]
τNα
2
u(p), (75)
< N(p′)|S5V α(κ, n˜)|N(p) >=
2
(p+ p′).n˜
×
u¯(p′)
[
H˜V (xˆ, ξˆ, t)γ.n˜ + E˜V (xˆ, ξˆ, t)
n˜.(p′ − p)
2M
]
τNα
2
u(p), (76)
where now the hatted variables are :
xˆ = 2
x
(p+ p′).n˜
, ξˆ = −(p
′ − p).n˜
(p + p′).n˜
,
and t = (p′ − p)2. Again the approximation xˆ → x, ξˆ → ξ, (p′ − p) → ∆ indues only
orretions of order kpi. This ompletes our derivation of the soft pion theorem for twist-2
prodution.
A few omments are in order. First we see that, as promised in the introdution, the soft
pion theorem for twist-2 prodution involves no new quantities with respet to the elasti
ase. Seond we note that the ommutator term, whih involves only the isovetor operators
S
(5)
V , depends essentially on the valene quarks while the Born term, whih sums over all
favours, is sensitive both to the valene and the sea quarks. Third we reall that gauge
invariane is not an issue for the pion twist-2 prodution. The ouplings to the photon elds
have been fatorized from the beginning, see Eq.(29), independently of the nal hadroni
state. As in the elasti ase, gauge invariane an be restored by a term whih is expliitely
of higher order in t/Q , and thus does not ontribute in the Bjorken limit [14℄.
VI. ESTIMATE OF THE ∆(1232) CONTRIBUTION
The soft pion theorem proposed in the previous setion an be valid only for small values
of the pion momentum. One an expet strong deviations when the mass of the pion-nuleon
system approahes the rst nuleon exitation, that is the ∆(1232). So to improve the range
of validity of our estimates we now alulate the ontribution of this resonane. As a starting
23
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Figure 8: Delta exitation by the twist-2 operator.
point, we onsider the matrix element as shown in Fig. 8, where the ∆-resonane is on its
mass-shell. Subsequently, we disuss the modiation due to the ∆→ πN strong deay.
The N → ∆matrix element for the vetor twist-2 operator has the following parametriza-
tion [12, 18℄ [49℄ :
< ∆(p∆)|
∑
f
Q2fSf(x, n˜)|N(p) >
=
1
6
ψ¯β(p∆) T
†
3
{
HM(x, ξ,∆
2)
(
−KMβκ
)
n˜κ + HE(x, ξ,∆
2)
(
−KEβκ
)
n˜κ
+ HC(x, ξ,∆
2)
(
−KCβκ
)
n˜κ
}
u(p), (77)
where ψβ(p∆) is the Rarita-Shwinger spinor for the ∆-eld and T
†
3 is the isospin 1/2→ 3/2
transition operator, satisfying :
〈3
2
Tz | T †λ |
1
2
tz〉 = 〈1
2
tz , 1λ | 3
2
Tz〉 , (78)
with tz (Tz) the isospin projetions of N (∆) respetively, and where λ = 0,±1 indiate
the spherial omponents of the isovetor operator T †. The fator 1/6 in Eq. (77) results
from the quadrati quark harge ombination (e2u − e2d)/2. Furthermore, in Eq. (77), the
ovariants KM,E,Cβµ are the magneti dipole, eletri quadrupole, and Coulomb quadrupole
ovariants [26℄ :
KMβµ = −i
3(M∆ +M)
2M((M∆ +M)2 −∆2)εβµλσP
λ∆σ ,
KEβµ = −KMβµ −
6(M∆ +M)
MZ(∆2)
εβσλρP
λ∆ρεσµκδP
κ∆δγ5 , (79)
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KCβµ = −i
3(M∆ +M)
MZ(∆2)
∆β(∆
2Pµ −∆ · P∆µ)γ5 ,
where we introdued the notation :
Z(∆2) = [(M∆ +M)
2 −∆2][(M∆ −M)2 −∆2]. (80)
Here P = (p∆ + p)/2, ∆ = p∆− p, and p2∆ =M2∆ (M∆ = 1232 MeV). As we are onsidering
the prodution of a ∆ here, we expliitely adopt the notation ∆2 in all expressions in this
setion to denote the momentum transfer squared to the hadroni system, in order not to
onfuse with the variable t introdued before. In Eq. (77), the GPDs HM , HE, and HC for
the N → ∆ vetor transition are linked with the three N → ∆ vetor urrent transition
form fators G∗M , G
∗
E , and G
∗
C through the sum rules :
∫ 1
−1
dx HM,E,C(x, ξ,∆
2) = 2 G∗M,E,C(∆
2) , (81)
where G∗M,E,C(∆
2) are the standard magneti dipole, eletri quadrupole and Couloub
quadrupole transition form fators respetively [26℄. As is well known from experiment,
the N → ∆ vetor transition at small and intermediate momentum transfers is largely dom-
inated by the N → ∆ magneti dipole exitation, parametrized by G∗M(∆2). At ∆2 = 0,
its value extrated from pion photoprodution experiments is given by G∗M(0) ≃ 3.02 [27℄.
For its ∆2-dependene, we use a reent phenomenologial parametrization [27℄ from a t to
pion eletroprodution data. Given the smallness of the eletri and Coulomb quadrupole
N → ∆ transitions, we will neglet in the following the ontribution of the GPDs HE and
HC .
The N → ∆ matrix element for the axial twist-2 operator has the following parametriza-
tion [12, 18℄ :
< ∆(p∆)|
∑
f
Q2fS5f (x, n˜)|N(p) >
=
1
6
ψ¯β(p∆) T
†
3
√
3
2
{
C1(x, ξ,∆
2) n˜β + C2(x, ξ,∆
2)∆β
∆ · n˜
M2
+C3(x, ξ,∆
2)
1
M
(γ.∆ n˜β − γ.n˜∆β)
25
+C4(x, ξ,∆
2)
2
M2
(∆ · P n˜β −∆β)
}
u(p) . (82)
The GPDs C1, C2, C3 and C4 entering in Eq. (82) are linked with the four N → ∆ axial-
vetor urrent transition form fators CA5 (∆
2), CA6 (∆
2), CA3 (∆
2) and CA4 (∆
2), introdued by
Adler [28℄ through the sum rules [50℄ :
∫ 1
−1
dxC1(x, ξ,∆
2) = 2 CA5 (∆
2) ,
∫ 1
−1
dxC2(x, ξ,∆
2) = 2 CA6 (∆
2) ,
∫ 1
−1
dxC3(x, ξ,∆
2) = 2 CA3 (∆
2) ,
∫ 1
−1
dxC4(x, ξ,∆
2) = 2 CA4 (∆
2) . (83)
For small momentum transfers ∆2, PCAC leads to a dominane of the form fators CA5 and
CA6 . For C
A
5 , a Goldberger-Treiman relation for the N → ∆ transition leads to :
√
3
2
CA5 (0) =
fpiN∆
2fpiNN
gA . (84)
Using the phenomenologial values fpiN∆ ≃ 1.95, fpiNN ≃ 1.00, and gA ≃ 1.267 one obtains
CA5 (0) ≃ 1.01. The form fator CA6 (∆2) at small values of ∆2 is dominated by the pion-pole
ontribution, given by :
CA6 (∆
2) =
M2
m2pi −∆2
CA5 (0) . (85)
Beause we are only interested in the limit −t,−tγ >> m2pi, we neglet the pion pole ontri-
bution of C6 in the following, onsistent with the disussion of Setion VB.
For the two remaining Adler form fators CA3 and C
A
4 , a detailed omparison with ex-
perimental data for ν-indued ∆++ prodution led to the values [29℄ : CA3 (0) ≃ 0.0 and
CA4 (0) ≃ −0.3. Given the smallness of these values, we will neglet in the following the
ontributions from the GPDs C3 and C4.
To provide numerial estimates for the N → ∆ DVCS amplitudes, we need a model for
the three remaining 'large' GPDs whih appear in Eqs. (77,82) i.e. HM , C1 and C2. Here
we will be guided by the large Nc relations disussed in [12, 18℄. These relations onnet
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the N → ∆ GPDs HM , C1, and C2 to the N → N isovetor GPDs Eu −Ed, H˜u − H˜d, and
E˜u − E˜d respetively. These relations are given by [51℄ :
HM(x, ξ,∆
2) =
2√
3
[
Eu(x, ξ,∆2)−Ed(x, ξ,∆2)
]
,
C1(x, ξ,∆
2) =
√
3
[
H˜u(x, ξ,∆2)− H˜d(x, ξ,∆2)
]
,
C2(x, ξ,∆
2) =
√
3
4
[
E˜u(x, ξ,∆2)− E˜d(x, ξ,∆2)
]
. (86)
To give an idea of the auray of these relations, we alulate the rst moment of both
sides of Eq. (86) and ompares their values at ∆2 = 0. For HM , we obtain for the lhs
the phenomenologial value 2G∗M(0) ≃ 6.04, in omparison with the large Nc predition of
(2/
√
3)κV ≃ 4.27, aurate at the 30 % level [52℄.
For C1, the phenomenologial value yields 2C5(0) ≃ 2.02, whereas the large Nc predition
yields
√
3gA ≃ 2.19, aurate at the 10% level. For the pion-pole ontribution to C6, we
obtain the same auray as for C5. Furthermore, for the N → ∆ DVCS in the near forward
diretion, unlike the N → N DVCS ase, the axial transition (proportional to the GPDs
C1 ) is numerially more important than the vetor transition (parametrized by HM). This
is beause HM is aompanied by a momentum transfer ∆ in the tensor KM as is seen
from Eq. (79), in ontrast with the struture assoiated with the GPD C1. From these
onsiderations, we estimate that the large Nc relations of Eq. (86) for the N → ∆ transition
allow us to estimate at the γ∗p→ γ∆ DVCS proess, at the 30 % auray level or better.
In order to alulate the oherent sum of the non-resonant ADVCS proess disussed
before and the ∆-resonant proess, we next disuss the modiation of the γ∗N → γ∆
matrix elements due to the ∆→ πN strong deay.
The matrix element of the vetor operator for the γ∗N → γ∆ transition followed by
∆→ πN deay, is modied from Eq. (77) to :
< πN |∑
f
Q2fSf(x, n˜)|N >Delta
= − I fpiN∆
mpi
kpi
α u¯(p′)
i (γ.p∆ +W )
W 2 −M2∆ + iWΓ∆(W )
×
[
gαβ − 1
3
γαγβ − 1
3W
(γα(p∆)β − γβ(p∆)α)− 2
3W 2
(p∆)α(p∆)β
]
27
× 1
6
{
HM(x, ξ,∆
2)
(
−KM
)βκ
n˜κ + ...
}
u(p), (87)
where p∆ ≡ p′ + kpi, ∆ ≡ p′ + kpi − p, and where we only indiated the leading transition,
proportional to HM . The isospin fator I takes on the values : I = 2/3 for the π0p nal
state, and I = −√2/3 for the π+n nal state. In the ∆ propagator in Eq. (87), the energy-
dependent width Γ∆(W ) is given by :
Γ∆(W ) = Γ∆(M∆) ·
∣∣∣~k∗pi(W )∣∣∣3∣∣∣~k∗pi(M∆)∣∣∣3
· M∆
W
, (88)
with Γ∆(M∆) ≃ 0.120 GeV, and where |~k∗pi(W )| is given in Eq. (18).
Analogously, the matrix element of the axial-vetor operator for the γ∗N → γ∆ transition
followed by ∆→ πN deay, is modied from Eq. (82) to :
< πN |∑
f
Q2fS5f(x, n˜)|N >Delta
= − I fpiN∆
mpi
kpi
α u¯(p′)
i (γ.p∆ +W )
W 2 −M2∆ + iWΓ∆(W )
×
[
gαβ − 1
3
γαγβ − 1
3W
(γα(p∆)β − γβ(p∆)α)− 2
3W 2
(p∆)α(p∆)β
]
× 1
6
√
3
2
{
C1(x, ξ,∆
2) n˜β + ...
}
u(p), (89)
where we again only indiated the leading transition proportional to the GPD C1.
Finally, in order to alulate the γ∗p → γπN proess, we also need to speify the BH
proess of Eq. (7) assoiated with the N → ∆ transition. The orresponding ∆ ontribution
to the matrix element Jν entering in Eq. (7) is given by :
< πN |jν(0)|N >Delta
=− I fpiN∆
mpi
kpi
α u¯(p′)
i (γ · p∆ +W )
W 2 −M2∆ + iWΓ∆(W )
×
[
gαβ − 1
3
γαγβ − 1
3W
(γα(p∆)β − γβ(p∆)α)− 2
3W 2
(p∆)α(p∆)β
]
×
{
G∗M(∆
2)
(
−KM
)βν
+G∗E(∆
2)
(
−KE
)βν
+G∗C(∆
2)
(
−KC
)βν}
u(p), (90)
in terms of the same vetor N → ∆ transition form fators G∗M,E,C as disussed before. The
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isospin fator I is the same as speied following Eq. (87).
VII. RESULTS
In the absene of available data for the γ∗p → γπN proess, we an get an idea on the
auray of our estimates by omparing the pion prodution amplitudes of Eqs. (65,90),
whih enter in the Bethe-Heitler proess, with the pion photo- and eletroprodution ross
setions. We are interested here in the region of not too large −tγ < 1 GeV2, orresponding
with the virtuality of the photon in the Bethe-Heitler proess. In this kinematial range, a
large amount of pion photo- and eletroprodution data exist to ompare with. In partiular,
the pion photoprodution ross setion γp → πN (proportional to the ross setion of the
assoiated Bethe-Heitler (ABH) proess for tγ → 0), is given by
(
dσ
dΩ
)
c.m.
=
1
W 2piN (8π)
2
|~k∗pi|
Ec.m.γ
1
4
∑
σ
∑
σ′
∑
λ=±1
| e εν(q, λ) < πN |jν(0)|N > |2, (91)
where Ec.m.γ is the photon .m. energy, εν(q, λ) is the photon polarization vetor, WpiN is
the πN .m. energy, and jν is the eletromagneti urrent operator. We show the results
of the dierent model ontributions disussed above to the pion photoprodution total ross
setions in Fig. 9. As an be notied from Fig. 9, our estimates onsisting of a soft-pion
prodution amplitude supplemented by a ∆-resonane prodution mehanism reprodue the
ross setions on the lower energy side of the ∆(1232) resonane. Around resonane po-
sition our simple model overestimates the ross setions by about 10 %, whih is mainly
due to resattering ontributions whih an be inluded by a proper unitarization of the
amplitude, whih we did not perform in our simple estimate. At the higher energy side of
the ∆(1232) resonane, the present model somewhat overestimates the data. Besides the
unitarization, this due to the inreasingly important role from the t-hannel exhanges of ρ
and ω vetor mesons in the non-resonant part of the amplitude. It is known that these vetor
meson exhanges yield a destrutive interferene on the higher energy side of the ∆(1232)
resonane. Sine our objetive here is not to present a phenomenologial model for pion
photoprodution, able to preisely desribe the available data, but to provide an estimate
for the assoiated DVCS proess, we do not inlude a proper unitarization or vetor meson
exhanges as one is not able at this point to model the orresponding ontributions for the
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ADVCS proess. Therefore the quality of the desription shown in Fig. 9 is indiative of the
quality of our orresponding estimates for the ADVCS proess whih are performed along
the same lines, i.e. by the sum of a non-resonant soft-pion prodution amplitude and a
∆(1232) resonane prodution amplitude as outlined above.
In the following alulations we use, for the nuleon GPDs, the model desribed in
Refs. [14, 18, 33℄, to whih we refer the reader for details. We onstrut the GPDs from a
double distribution based on the forward unpolarized quark distributions of MRST01 [34℄
(for the GPD H) and based on the forward polarized quark distributions of Ref. [35℄ (for the
GPD H˜). To onstrut the double distribution, we use a prole funtion with parameters
bval = bsea = 1 as detailed in Ref. [18℄. For the t-dependene of the GPD (at the moderately
small values of t onsidered in this paper) we adopt, unless stated otherwise, a fatorized
ansatz by multiplying the x and ξ dependent funtion by the orresponding form fator (in
t) so as to satisfy the rst sum rule. In the alulations for the beam harge asymmetry, we
also ompare the results with a model for the GPDs where a D-term is added to the double
distribution, with the parametrization given in Ref. [33℄. For all other alulations, where
it is not stated expliitely, the results do not inlude a D-term in the model for the GPDs.
In Fig. 10, we study the dierent ADVCS proesses and show their ontributions to the
7-fold dierential e−p→ e−γπN ross setions, dierential in Q2, xB, tγ,Φ, the πN invariant
mass WpiN , and the pion solid angle Ω
∗
pi in the πN rest frame. By omparing Figs. 9 and
10, one sees that the ratio of the non-resonant to resonant ontributions is larger for the
ADVCS proess ompared to the pion photoprodution proess.
In Fig. 11, we ompare the 5-fold dierential e−p→ e−γπN ross setions, i.e. integrated
over the pion solid angle Ω∗pi , for the ABH, ADVCS and ABH + ADVCS proesses [53℄
for JLab kinematis. Clearly, the ABH largely dominates the ross setions. The resulting
beam spin asymmetries (BSA), for a polarized lepton beam, are around 5 - 10 % for the
e−p → e−γπ+n proess. For the e−p → e−γπ0p proess, the BSA grows when approahing
the πN threshold, where it reahes the same value as for the e−p → e−γp proess. This
an be easily understood beause at threshold, the amplitude for the ep→ eγπ0p proess is
obtained from the ep→ eγp proess by attahing a soft pion to the initial and nal proton.
This is what we alled the Born term in Setion 5 (Fig. 5 a). This amounts to multiply the
DVCS and BH amplitudes of the ep → eγp proess by the same fator when alulating
their ep → eγπ0p ounterparts. Therefore, when taking the ratio of ross setions in the
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Figure 9: Total pion photoprodution ross setions for the dierent model ontributions onsidered
in this paper. Dashed urve : ommutator ontribution. Dashed-dotted urves : ommutator +
Born ontributions. Dotted urves : ∆ ontribution. Solid urves : ommutator + Born + ∆
ontributions. The data are from Ref. [30℄ (diamonds), Ref. [31℄ (irles), and Ref. [32℄ (triangles).
BSA, whih is due to the interferene of ABH and ADVCS, this ommon fator drops out
and one obtains the same BSA as for the e−p → e−γp proess. Note that this is not the
ase for the e−p → e−γπ+n proess, where both ommutator and Born terms ontribute.
Futhermore in the Born term for the p→ π+n transition, amplitudes involving both proton
and neutron GPDs interfere aording to whether the harged pion is emitted from the nal
or intial nuleons respetively. This results in a muh smaller BSA at threshold for harged
as ompared to neutral pion prodution. When moving to higher values of WpiN the ∆
ontribution beomes important, and the ratio of ADVCS to ABH hanges ompared to the
e−p → e−γp proess. Around ∆(1232) resonane position, the BSA for the harged and
neutral pion prodution hannels reah omparable values, around 10 %.
If one does not perform a fully exlusive DVCS experiment, one atually measures the
ross setion
dσexp
dQ2 dxB dt dΦ
=
dσ(ep→ eγp)
dQ2 dxB dt dΦ
(1 + Rinel) , (92)
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Figure 10: Dierent ontributions to the 7-fold dierential ross setions for the ADVCS proesses in
JLab kinematis, with pion emitted in the same diretion as the reoiling piN system (orresponding
with θ∗pi = 0
o
). Dashed-urve : ommutator ontribution. Dashed-dotted urves : ommutator +
Born ontributions. Dotted urves : ∆ ontribution. Solid urves : ommutator + Born + ∆
ontributions. For the N → ∆ GPDs both C1 and HM are inluded.
with Rinel the ratio of the integrated inelasti ep→ eγπN ross setion to the ross setion
for the ep→ eγp reation (i.e. the `elasti' DVCS proess), given by
Rinel =
(∫ Wmax
M+mpi
dWpiN
dσ(ep→ eγπN)
dQ2 dxB dt dΦ dWpiN
)
/
dσ(ep→ eγp)
dQ2 dxB dt dΦ
. (93)
This is the ratio κ introdued in Eq. (19), but written in a more familiar way. The ratio
Rinel depends upon the upper integration limit Wmax, determined by the resolution of the
experiment.
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Figure 11: 5-fold dierential ross setions (upper panels) and orresponding beam-spin asymme-
tries (lower panels) for the e−p → e−γpiN reations in JLab kinematis. Dotted urves : ABH;
dashed urves : ADVCS; solid urves : ABH + ADVCS. The arrow gives the elasti value of the
BSA for the BH + DVCS proess, orresponding with WpiN =M = 0.939 GeV.
We an now provide an estimate of the `ontamination' to the BSA for a not fully exlusive
experiment. In an experiment where one does not separate the γp and γπN nal states, one
atually measures
(BSA)exp =
∆dσel (1 + ∆Rinel)
2 dσel (1 + Rinel)
, (94)
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where ∆dσel and dσel stand for
∆dσel =
dσh=+1/2
dQ2 dxB dt dΦ
(ep→ eγp)− dσh=−1/2
dQ2 dxB dt dΦ
(ep→ eγp),
dσel =
1
2
(
dσh=+1/2
dQ2 dxB dt dΦ
(ep→ eγp) + dσh=−1/2
dQ2 dxB dt dΦ
(ep→ eγp)
)
, (95)
with h the lepton beam heliity. In Eq. (94), Rinel is given as in Eq. (93), and ∆Rinel is the
orresponding ratio of inelasti to elasti DVCS heliity ross setions :
∆Rinel =
(∫ Wmax
M+mpi
dWpiN
∆dσ(ep→ eγπN)
dQ2 dxB dt dΦ dWpiN
)
/
∆dσ(ep→ eγp)
dQ2 dxB dt dΦ
. (96)
From Eq. (94), one sees that for a not fully exlusive experiment the `elasti' beam-spin
asymmetry (BSA)el for the ep → eγp proess is related to the measured beam-spin asym-
metry (BSA)exp through :
(BSA)el ≡ ∆dσ
el
2 dσel
= RBSA · (BSA)exp, (97)
where the orretion fator RBSA is given by :
RBSA =
1 + Rinel
1 + ∆Rinel
. (98)
In Fig. 12, we show the ratios Rinel and ∆Rinel. One sees that when integrating up to
Wmax ≃ 1.35 GeV, the heliity ross setions ratio ∆Rinel reahes about 10 % for γπ+n
and γπ0p nal states separately. On the other hand, the unpolarized ross setion ratio
Rinel is muh larger and reahes about 40 % for eah hannel separately. This dierene
originates in the dierent ratio of the ABH ross setion as ompared to the orresponding
ADVCS ratio. This dierent ratio for the ABH and ADVCS proesses has as onsequene
that the BSA, whih is due to an interferene of both, reeives an important orretion in
an experiment where the nal state annot be fully resolved.
In Fig. 13, we show the resulting orretion fator for the BSA dened in Eq. (98) for JLab
kinematis. For an experiment whih measures an e− and a proton, and whih reonstruts
the nal γ from the missing mass, but where the resolution does not permit to fully separate
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Figure 12: Ratios Rinel and ∆Rinel of e
−p → e−γpiN (ABH + ADVCS) to e−p → e−γp (BH +
DVCS) ross setions aording to Eqs. (93, 96) as funtion of the upper integration limit Wmax in
JLab kinematis. Dashed (solid) urves : ratio of unpolarized (polarized) ross setions respetively.
the γp nal state from a γπ0p nal state, suh as in the bulk of the events of the rst DVCS
experiment at CLAS [7℄, one obtains a orretion fator of around 1.3 when integrating up
to Wmax ≃ 1.35 GeV in the kinematis onsidered in Fig. 13. For an experiment whih
only measures an e− and a γ in the nal state and where the resolution does not permit to
separate the p hadroni nal state from the π+n and π0p hadroni nal states, the orretion
fator, integrated up to Wmax ≃ 1.35 GeV, amounts to about 1.6 in the same kinematis.
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Figure 13: Corretion fator aording to Eq. (98) to apply to the measured BSA to extrat the
e−p → e−γp BSA, when the measurement is not fully exlusive. The orretion fators are given
for the situations where the γp nal state is ontaminated either by γpi+n (upper panel), by γpi0p
(middle panel), or by both γpi+n and γpi0p (lower panel). The orretion is given as funtion of the
upper integration limit Wmax in JLab kinematis.
In Figs. 14 - 16, we study the orresponding eets in the kinematis aessible in the
HERMES experiment.
One sees from Fig. 14 that in the kinematis aessible at HERMES, the ABH still
dominates the ross setions. The interferene of the ABH and ADVCS proesses leads
to a BSA whih is around 10% for the e−p → e−γπ+n reation. For the e−p → e−γπ0p
reation, the BSA rises towards πN threshold where it reahes the value of the BSA for the
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e−p→ e−γp reation, as disussed before. Around the ∆(1232) resonane position, the BSA
for the e−p→ e−γπ0p reation reahes about 15 %.
For the present DVCS experiments at HERMES [6℄ where the experimental resolution
does not allow to fully reonstrut the nal state, it is important to estimate the ontribution
of the γπ+n and γπ0p nal states, whih we show in Fig. 15. When integrating the ross
setions up to Wmax ≃ 1.35 GeV, the heliity ross setions ratio ∆Rinel reahes about 3 %
(5 %) for the γπ+n (γπ0p) nal states respetively. On the other hand, the unpolarized ross
setion ratio Rinel reahes about 10 % for eah hannel separately. This dierent ratio leads
to a orretion for the BSA in an experiment where the nal state annot be fully resolved,
whih is shown in Fig. 16. For kinematis lose to the rst DVCS experiment at HERMES
[6℄ whih measured an e− and a γ and where the resolution did not permit to separate the p
hadroni nal state from the π+n and π0p hadroni nal states, one sees that the orretion
fator on the BSA due to the ∆ resonane region, i.e. integrated up to Wmax ≃ 1.35 GeV,
amounts to about 1.1 .
We next disuss the beam harge asymmetries (BCA) between the e+p → e+γπN and
e−p→ e−γπN proesses. The BCA in kinematis aessible at HERMES is shown in Fig. 17
for two models of the GPDs, one inluding the D-term and one without the D-term ontri-
bution. As for the BSA, one sees that for the γπ0p nal state, the BCA reahes the same
value as for the elasti DVCS proess when approahing the πN threshold. Furthermore,
one sees that sine the D-term only ontributes to the Born terms, it mainly manifests itsef
in the neutral pion prodution hannel around threshold, while its eet is very small on
the harged pion prodution hannel. Around ∆(1232) resonane, the eet of the D-term
is negligible.
The BCA between the e+p → e+γX and e−p → e−γX proesses has been measured at
HERMES [36℄. Beause this experiment does not allow to distinguish the hadroni nal
states X = p from X = π+n and X = π0p, it is of interest to estimate the `ontamination'
by the assoiated pion prodution. An experiment whih does not separates X = p from
X = πN measures :
(BCA)exp =
σele+ (1 + R+) − σele− (1 + R−)
σele+ (1 + R+) + σ
el
e− (1 + R−)
, (99)
where σel± stands for the ross setion dσ(e
±p → e±γp)/(dQ2 dxB dt dΦ) of the 'elasti'
37
0
0.005
0.01
0.015
0.02
0.025
0.03
0.035
0
0.005
0.01
0.015
0.02
0.025
0.03
0.035
0
0.05
0.1
0.15
0.2
0.25
0.3
1.1 1.2 1.3
Ee = 27 GeV, Q2 = 2.5 GeV2, xB = 0.15, tγ = -0.25 GeV2, Φ = 90o
e
-
 p → e- γ pi+ n
dσ
/(d
Q2
dx
B
dt
γd
Φ
dW
pi
N
) (
nb
/G
eV
5 r
ad
)
e
-
 p → e- γ pi0 p
e
-
 p → e- γ pi+ n
WpiN ( GeV )
B
SA e- p → e- γ pi0 p
WpiN ( GeV )
0
0.05
0.1
0.15
0.2
0.25
0.3
1.1 1.2 1.3
Figure 14: 5-fold dierential ross setions (upper panels) and orresponding beam-spin asymme-
tries (lower panels) for the e−p→ e−γpiN reations in HERMES kinematis. Dotted urves : ABH;
dashed urves : ADVCS; solid urves : ABH + ADVCS. The arrow gives the elasti value of the
BSA for the BH + DVCS proess, orresponding with WpiN =M = 0.939 GeV.
proess, and where the ratios R± stand for :
R± =
1
σele±
∫ Wmax
M+mpi
dWpiN
dσ(e±p→ e±γπN)
dQ2 dxB dt dΦ dWpiN
. (100)
From Eq. (99), one sees that for a not fully exlusive experiment the `elasti' (BCA)el is
obtained from the measured (BCA)exp through :
(BCA)el ≡ σ
el
e+ − σele−
σele+ + σ
el
e−
= RBCA · (BCA)exp, (101)
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Figure 15: Ratio of e−p→ e−γpiN (ABH + ADVCS) to e−p→ e−γp (BH + DVCS) ross setions
aording to Eqs. (93, 96) as funtion of the upper integration limit Wmax in HERMES kinematis.
Dashed (solid) urves : ratio of unpolarized (polarized) ross setions respetively.
where the orretion fator RBCA is given by :
RBCA =
1 + (σele+R+ + σ
el
e−R−)/(σ
el
e+ + σ
el
e−)
1 + (σele+R+ − σele−R−)/(σele+ − σele−)
. (102)
The orretion fator RBCA is shown in Fig. 18 for HERMES kinematis. For an exper-
iment whih does not separate the p hadroni nal state from the π+n and π0p hadroni
nal states, the orretion fator on the BCA, integrated up to Wmax ≃ 1.35 GeV, amounts
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Figure 16: Corretion fator aording to Eq. (98) to apply to the measured BSA to extrat the
e−p → e−γp BSA, when the measurement is not fully exlusive. The orretion fators are given
for the situations where the γp nal state is ontaminated either by γpi+n (upper panel), by γpi0p
(middle panel), or by both γpi+n and γpi0p (lower panel). The orretion is given as funtion of the
upper integration limit Wmax for HERMES kinematis.
to about 1.8 for the model without D-term and reahes around 1.1 for the model with D-
term. The muh smaller orretion in the presene of the D-term an be understood as in
this ase the elasti BCA has the same sign and similar magnitude as the inelasti BCA
around ∆(1232) resonane. On the other hand, in the absene of the D-term ontribution,
the elasti BCA is small and negative, yielding a signiant dierent result from the positive
BCA around ∆(1232) resonane. Therefore, the resulting orretion fator is muh larger
40
for the GPD model without D-term. As the orretion of the BCA an be sizeable aording
to the model for the GPDs, this learly alls for a fully exlusive measurement to separate
the dierent nal states, in order to reliably extrat information on the GPDs. Suh an
experiment is planned in the near future at HERMES using a reoil detetor [37℄.
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Figure 17: Beam harge asymmetries (BCA) for the ABH + ADVCS proesses in HERMES kine-
matis. The result is shown for 2 dierent models of the GPDs : without D-term (dashed urves)
and with D-term (solid urves). The orresponding arrows give the elasti value of the BCA for
the BH + DVCS proess, orresponding with WpiN =M = 0.939 GeV.
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Figure 18: Corretion fator aording to Eq. (102) to apply to the measured BCA to extrat the
BCA between the `elasti' proesses e±p → e±γp, when the measurement is not fully exlusive.
The orretion fators are given for the situations where the γp nal state is ontaminated either
by γpi+n (upper panel), by γpi0p (middle panel), or by both γpi+n and γpi0p (lower panel). The
orretion is given as funtion of the upper integration limit Wmax for HERMES kinematis. The
solid and dashed urves orrespond with the two GPD models as desribed in Fig. 17.
In Figs. 19-22, we show the results for kinematis aessible at COMPASS [9℄. Fig. 19
shows the dierential ross setion and BSA for the µ+p → µ+γπN proesses. In ontrast
to the previous results for JLab and HERMES kinematis, we see that at COMPASS the
µ+p→ µ+γπN ross setion is dominated by the ADVCS proess. The interferene with the
small BH yields only a small value for the BSA. Due to the dominane of the ADVCS over
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the BH, one sees in Fig. 20 an opposite trend for the ratios Rinel and ∆Rinel of Eqs. (93, 96)
in omparison with the ones shown in Figs. 12 and 15 for JLab and HERMES respetively.
The larger value of ∆Rinel ompared to Rinel, in partiular for µ
+p → µ+γπ0p, leads to a
orretion fator RBSA of Eq. (98) whih is slightly smaller than one. For an experiment
whih does not permit to separate the p hadroni nal state from the π+n and π0p hadroni
nal states, the orretion fator on the BSA due to the ∆ resonane region, i.e. integrated
up to Wmax ≃ 1.35 GeV, amounts to a value around 0.95 at COMPASS.
In Figs. 21, 22 we study the BCA at COMPASS. To obtain sizeable interferenes with
the BH proess, we show the results for a lower beam energy of 100 GeV as also aessible at
COMPASS. We ompare the results for two models of the GPDs. The rst model onsists
of a fatorized ansatz for the t-dependene (ompared to the x- and ξ dependenes) of the
GPDs as used in the previous alulations, and does not inlude the D-term. The seond
model inludes the D-term and uses an unfatorized Regge ansatz for the GPDs as speied
in Ref. [18℄. As an be seen from Fig. 21, the π0 prodution proess is mainly sensitive to
the dierenes between those models and at the threshold the BCA for the µ±p→ µ±γπ0p
and µ±p→ µ±γp reations are the same. For an experiment whih does not separate the p
hadroni nal state from the π+n and π0p hadroni nal states, we estimate the orretion
fators on the BCA in Fig. 22. When integrating the πN spetrum up to Wmax ≃ 1.35 GeV,
the orretion fator on the BCA asymmetry due to both π0p and π+n hannels amounts
to about 1.35 for the model without D-term and reahes around 1.05 for the model with
D-term.
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Figure 19: 5-fold dierential ross setions (upper panels) and orresponding beam-spin asymme-
tries (lower panels) for the µ+p → µ+γpiN reations in COMPASS kinematis. Dotted urves :
ABH; dashed urves : ADVCS; solid urves : ABH + ADVCS. The arrow gives the elasti value of
the BSA for the BH + DVCS proess, orresponding with WpiN =M = 0.939 GeV.
VIII. CONCLUSION
We have developed a model to alulate the ross setion for produing an extra low
energy pion in the photon eletro-prodution reation. Our primary goal is to provide a
reasonable estimate of the ontamination of the 'elasti' proess by this assoiated reation
when the experimental data are not fully exlusive. For the various observables whih
are generally onsidered of interest we have dened orretion fators by integrating the
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Figure 20: Ratio of µ+p→ µ+γpiN (ABH + ADVCS) to µ+p→ µ+γp (BH + DVCS) ross setions
aording to Eqs. (93, 96) as funtion of the upper integration limitWmax in COMPASS kinematis.
Dashed (solid) urves : ratio of unpolarized (polarized) ross setions respetively.
assoiated reation ross setions up to a given uto.
To build our model we have used the time honored soft pion tehnique based on urrent
algebra and hiral symmetry. In the ase of the DVCS reation, whih we always onsider
in the Bjorken limit, we have assumed that it was possible to rst invoke the fatorization
theorem and then to use hiral symmetry to evaluate the matrix elements of the twist
two operators involving one soft pion. Our derivation applies to the kinematial region
m2pi << −t << Q2 of DVCS type proesses, whih orresponds with the kinematial range
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Figure 21: Beam harge asymmetries (BCA) for the ABH + ADVCS proesses in COMPASS
kinematis. The result is shown for 2 dierent models of the GPDs. Dashed urve : GPD model
with fatorized t-dependene and without D-term. Solid urve : GPD model with unfatorized
t-dependene and with D-term. The orresponding arrows give the elasti value of the BCA for the
BH + DVCS proess, orresponding with WpiN =M = 0.939 GeV.
of experiments onsidered at JLab, HERMES and COMPASS. The order in whih one
applies the hiral limit (mpi → 0) and the Bjorken limit (Q2 →∞) is a point whih ertainly
deserves further attention, see e.g. Ref. [38℄ where new low-energy theorems were derived
for the γ∗N → πN proess at large virtualities of the photon (Q2 >> Λ3QCD/mpi). In this
respet, the hiral perturbation theory approah developed in Refs. [39, 40℄ to study the
quark mass dependene of the parton distribution may be useful. For suh a systemati
hiral perturbation expansion to onverge, one also sees that the momentum transfer −t
should be bound from above, and be smaller than the hiral symmetry breaking sale of
46
1
1.1
1.2
1.3
1.4
1
1.1
1.2
1.3
1.4
Eµ = 100 GeV, Q2 = 4 GeV2, xB = 0.1, tγ = -0.17 GeV2, Φ = 0o
γ p + γ pi+ nR B
CA
γ p + γ pi0 pR B
CA
γ p + γ pi+ n + γ pi0 p
W
max ( GeV )
R
B
CA
1
1.1
1.2
1.3
1.4
1.05 1.1 1.15 1.2 1.25 1.3 1.35
Figure 22: Corretion fator aording to Eq. (102) to apply to the measured BCA to extrat the
BCA between the `elasti' proesses µ±p → µ±γp, when the measurement is not fully exlusive.
The orretion fators are given for the situations where the γp nal state is ontaminated either
by γpi+n (upper panel), by γpi0p (middle panel), or by both γpi+n and γpi0p (lower panel). The
orretion is given as funtion of the upper integration limit Wmax for COMPASS kinematis. The
solid and dashed urves orrespond with the two GPD models as desribed in Fig. 21.
order (4πfpi)
2
.
The advantage of our approah is that the GPDs neessary to alulate the assoiated
pion prodution are the same as in the elasti DVCS proess. So, in a relative sense, our
estimate is largely independent of the details of the GPDs.
To extend our estimate to pions of higher energy we have added the P-wave prodution
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assuming it is dominated by the ∆(1232) isobar prodution. Here, following the approah
of Ref. [12℄ we have used the large Nc limit to relate the GPDs of the N → ∆ transition to
the N → N ones. Again this minimizes the model dependene of our results.
For those experiments whih do have the resolution to measure the γ∗p→ γπN proess,
in partiular in the∆(1232) resonane region [11℄, our alulation provides a predition using
the largeNc limit for the N → ∆ GPDs. The measurement of the γ∗p→ γ∆→ γπN proess
holds the prospet to aess information on the quark distributions in the∆ resonane, whih
are totally unknown at present.
Generally the DVCS amplitude must be added oherently to the Bethe-Heitler amplitude.
This is also true for the assoiated reations and we have used the same approah to estimate
the assoiated BH and DVCS amplitudes. For the BH amplitude this amounts to alulate
the pion eletro-prodution amplitude and this gives us a hane to rate the validity of our
results by omparing to the existing data. We nd that, for the integrated ross setions,
our estimate are probably valid up to Wmax = 1.35 GeV.
We have performed our alulations for a set of kinematial onditions whih are repre-
sentative of the present or planned experiments at JLab, HERMES and COMPASS. In a
regime where the ADVCS proess dominates the ross setion, suh as is the ase at COM-
PASS, we nd that the pioni ontamination (integrated up to Wmax = 1.35 GeV) never
exeeds 10%. In a kinematial regime where the ABH proess dominates, suh as is typially
the ase at HERMES and in partiular at JLab, the pioni ontamination may beome muh
larger and alls for fully exlusive experiments. In partiular, it has an eet on the beam
spin and beam harge asymmetries. For instane the orretion to the BSA due to harged
(neutral) pions in JLab kinematis an reah 30% eah for an experiment whih is not able
to distinguish a N from a πN for a uto Wmax = 1.35 GeV. The eet on the BSA due to
the π0p and π+n prodution in HERMES kinematis is of the order of 10%. On the other
hand the orretion fator on the BCA to obtain the `elasti' BCA from an experiment not
able to distinguish a N from a πN an be as large as a fator 1.8 at HERMES and 1.35 at
COMPASS depending on the model for the GPDs.
To summarize, for a uto of Wmax = 1.35 GeV the orretion to the ross setions is
moderate but for the BSA and BCA our alulations indiate that it is wise to onsider fully
exlusive experiments.
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nition the argument of spinor is always on the mass shell so we do not speify it.
[47℄ Note that the same argument has already been used to neglet the terms shown on 5 in the
saturation of the ommutator. Those terms would eetively ontribute to the pion poles of
Fig. 7a and Fig. 7b.
[48℄ That would not be true for instane in pion photo-prodution beause at threshold t is of order
m2pi
[49℄ Note that there are four N → ∆ heliity amplitudes for the vetor operator. However, gauge
invariane for the eletromagneti urrent operator leads to only three eletromagneti form
fators. Hene there are stritly speaking four GPDs for the vetor N → ∆ transition, of
whih one has a vanishing rst moment. In view of our strategy to keep only the dominant
transitions, we will neglet this GPD whih has a vanishing rst moment in the following.
[50℄ Note that the fator
√
3
2 is onventionally hosen in Eq. (82) suh that the Adler form fators
CAi (∆
2) orrespond with the p→ ∆+ transition.
[51℄ Note that all other (sub-dominant) GPDs vanish at leading order in the 1/Nc expansion.
[52℄ Note that in the large Nc limit, the isovetor ombination H
u −Hd is suppressed, therefore
one ould as well give as estimate 2G∗M (0) ≃ 2√3 µV ≃ 5.43, whih is aurate at the 10 %
level.
[53℄ To simplify the notations, we note ABH + ADVCS for the ross setions of the oherent sum
of both proesses.
